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Abstract:  The polyanion Li7V15O36(CO3) is a nano-sized molecular cluster (ca. 1 nm in 
size), has the potential to form an open host framework with a higher surface-to-bulk 
ratio than conventional transition metal oxide electrode materials. Herein, we 
demonstrate practical rechargeable Na-ion batteries and symmetric Li-ion batteries 
based on the polyoxovanadate Li7V15O36(CO3). The vanadium centres in {V15O36(CO3)} 
do not all have the same V
IV/V
 redox potentials, which permits symmetric devices to be 
created from this material that exhibit battery-like energy density and supercapacitor-
like power density. An ultra-high specific power of 51.5 kW kg
-1
 at 100 A g
-1
 and a 
specific energy of 125 W h kg
-1
 could be achieved, along with a long cycling life (>500 
cycles). Moreover, electrochemical studies and DFT calculations reveal that 
{V15O36(CO3)} also allows the transport of large cations, like Na
+
, and that it can store a 
large number of cations and thus serve as the cathode material for rechargeable Na-ion 
batteries with a high specific capacity of 240 mAh g
-1
 and a specific energy of 390 Wh 
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kg
-1
 for the full Na-ion battery. Finally, the polyoxometalate material from these 
electrochemical energy storage devices can be easily extracted from spent electrodes by 
simple treatment with water, providing a potential route to recycling of the redox active 
material. 
 
The quest for high-performance, low-cost energy storage systems has boosted interest in new 
materials for rechargeable Li-ion and Na-ion batteries and supercapacitors. A key goal is to 
improve the energy and power densities of these devices by improving the kinetics of the 
processes occurring at the electrode/electrolyte interface.
[1]
 In Li-ion batteries, the insertion of 
Li
+
 into bulk electrode materials can provide high capacity density (around 250 mAh g
-1
)
[1a]
, 
but the insertion of Li
+
 is diffusion-controlled and so such processes tend to be slow in the 
limited interstitial space of transition metal oxides. Supercapacitors store energy 
electrostatically through the formation of electrical double layers at the electrode/electrolyte 
interface, and thus enable good performance at high rates (but with low energy density, 
usually lower than 50 Wh kg
-1
).
[2]
 Hence, it would be interesting to design a single 
electrochemical energy storage device which combines battery-like energy density with a 
supercapacitor-like rate performance.
[3]
 Indeed, this has motivated numerous studies of Li-ion 
supercapacitors, nano-hybrid capacitors and asymmetric supercapacitors, as well as a variety 
of hybrid materials.
[4]
 For example, some transition metal oxides and sulfides used in Li-ion 
batteries can also be used for supercapacitors. However, although some such materials (e.g. 
LiFePO4) can undergo lithiation/de-lithiation without changes in volume, most transition 
metal oxides suffer from drastic volume changes during multi-electron redox reactions at the 
high current densities characteristic of rechargeable batteries or supercapacitors.
[5] 
  
     
 
3 
 
 
Concerns have also been raised regarding the likely future availability of Li and hence its 
future cost, especially in light of the projected orders-of-magnitude increase in Li usage for 
batteries in electric vehicles and smart grids.
[6]
 This need to reduce Li loadings has in turn led 
to research into Na-ion batteries as alternatives to Li-ion batteries due to the lower cost of Na 
and its greater natural abundance.
[7]
 However, the conventional host metal-oxide lattices 
commonly explored for Li-ion batteries are close-packed oxide-ion arrays connected by first-
row transition metals, and lack the interstitial space for rapid Na
+
 diffusion. This is due to the 
much larger ionic radius of Na
+
 (1.02 Å) compared to Li
+
 (0.76 Å).
[8]
 Although layered-oxide 
structures, such as Nax[Fe1/2Mn1/2]O2,
[9]
 are thought to be promising candidates with high 
capacities (up to 190 mAh g−1), they still suffer from poor Na+ transport kinetics. A three-
phase separation mechanism has been found among the Li4Ti5O12 family of electrodes for Li-
/Na-ion batteries; nevertheless, the rate performances are still low due to the slow transport 
kinetics of Na
+
 ions.
[10]
 Compared to recent progress in the development of anode materials 
for Na-ion batteries,
[11]
 it is still a big challenge to find suitable cathode materials with 
specific capacities > 200 mAh g
-1
.
[12] 
 
Various strategies have been developed to solve the problems mentioned above for 
rechargeable batteries and supercapacitors, such as employing nano-sized materials. Many 
electrode materials for batteries show higher rates performance at the nano-scale, and nano-
size materials also exhibit much higher capacitances for supercapacitors, due to the increased 
specific surface area and better access to redox reaction sites. Moreover, the mobility of larger 
cations (like Na
+
) can be greatly enhanced in nano-structured metal oxide electrode materials, 
thus increasing the rate performance of the resulting Na-ion batteries. It is, therefore, 
intriguing to consider the effects of reducing the length scales of the materials used in these 
electrodes down to the molecular scale. At such dimensions, it might prove possible to 
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combine very high power densities with very high energy densities in a single device. 
Polyoxometalates are promising candidates for this, due to their nano-scale polyanion 
molecular structure and varied redox properties, which present a range of interesting 
electrochemical phenomena,
[13]
 including for use as the cathode material in Li-ion batteries.
[14]
 
Polyoxometalates can be considered to be “electron sponges”, able to undergo reversible 
multi-electron reactions with high structural stability.
[15]
 In our previous work
[14]
, we found 
that Li ions exhibit different kinetic behaviour in Li7[V15O36(CO3)] when compared to 
traditional bulk vanadium oxides, with greater mobility of the Li ions allowing excellent rates 
performance to be achieved. Moreover, nano-size clusters such as these (ca. 1-5 nm in size)
[16]
 
and the open host frameworks that they produce can deliver a higher surface : bulk ratio than 
conventional transition metal oxides, and hence facilitate the uptake/removal and transport of 
large cations.
[17]
 Thus by adjusting the molecular structure of polyoxometalates, they have the 
potential to exhibit different electrochemical behaviors to suit the demands of various 
electrochemical applications. 
 
Herein, we exploit the fact that the vanadium centres in the Li7V15O36(CO3) polyanion do 
not all have the same redox potentials, in order to use {V15O36(CO3)} as the active material in 
both the cathode and the anode in symmetrical Li-ion batteries. These devices combine 
battery-like energy densities (125 Wh kg
-1
) with supercapacitor-like power densities (51.5 kW 
kg
-1
), due to the unique structure of {V15O36(CO3)} compared to conventional metal oxides. 
These devices show robustness to cycling (>500 cycles) and ultrafast rate performance up to 
100 A g
-1
. Moreover, electrochemical studies and DFT calculations reveal that {V15O36(CO3)} 
also allows the transport of large cations, like Na
+
, and that it can to store a large number of 
cations and thus serve as the cathode material for rechargeable Na-ion batteries with a high 
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specific capacity of 240 mAh g
-1
 and an energy density of 390 Wh kg
-1
 for the full Na-ion 
battery. 
 
{V15O36(CO3)} is a mixed-valence polyoxometalate that formally contains eight V
IV
 
centres and seven V
V
 centres. X-ray photoelectron spectroscopy (XPS) results (Figures SI-1 
and SI-2) provide evidence for this: the initial state of the {V15O36(CO3)} electrode displays 
two V 2p3/2 peaks (at 516.9 eV and 518.1 eV), which correspond to vanadium in oxidation 
states V
4+
 and V
5+
.
[18]
 These two types of V centre have different redox potentials. Thus, when 
the counterion is Li
+
, {V15O36(CO3)} shows two different redox potentials with high 
reversibility at 3.5 and 2.4 V vs. Li
+
/Li (Figure 1A), corresponding to the two different V 
environments. As shown in Figure 1B, both the V
IV
 and the V
V
 centres in {V15O36(CO3)} 
exhibit a specific capacity of around 120 mAh g
-1
 for Li
+
 storage at their respective voltage 
ranges. This suggests that the development of an electrochemical energy storage device with 
{V15O36(CO3)} on both the positive and negative electrodes should be possible, due to the 
different valence states of V that are possible in this molecule. As illustrated in Figure 1C, 
during the charging process of this kind of symmetric device, the seven V
IV
 centres in 
{V15O36(CO3)} are electrochemically oxidized, releasing Li
+
 and electrons on the positive 
side. This also causes a shift of the V 2p3/2 peak to a higher binding energy, indicating that the 
V
IV
 centers in the positive electrode are oxidized to V
V
. The electrons then travel through the 
external circuit to reduce the seven V
V
 centres on the negative side, with concomitant influx 
of Li
+
, which thus also results in a shift of V 2p3/2 peak to a lower binding energy (indicative 
of reduction from V
V
 to V
IV
) in the negative electrode (Figures SI-1 and SI-2). Hence, during 
the reversible discharging process, the V
V
 centres in {V15O36(CO3)} on the positive electrode 
are electrochemically reduced and the V
IV
 centres on the negative electrode are re-oxidized to 
V
V
, thus releasing the energy stored in the device. 
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On account of the multi-electron storage ability and fast redox kinetics of {V15O36(CO3)}, 
this symmetric device should have the ability to exhibit supercapacitor-like rate performance 
with a high energy density. As shown in Figure 2A, at a current density of 0.1 A g
-1
, it shows 
a specific capacity of 120 mAh g
-1
 with a voltage plateau at 1.2 V. This is typical battery-like 
behaviour and is distinct from the linear drop-off in voltage-versus-time curves characteristic 
of conventional supercapacitors. The specific energy is high (up to 125 Wh kg
-1
), much higher 
than that hitherto reported for polyoxometalate-based supercapacitors and other Li-ion 
supercapacitors (the method to calculate the energy density is given in Figure SI-3).
[19]
 
Moreover, this symmetric device also shows ultrafast rate performance with low polarization 
at high charge-discharge current densities. When the current densities are increased from 0.1 
A g
-1
 to 2 A g
-1
, there is no obvious polarization of the voltage plateau while the specific 
capacity decreases from 120 mAh g
-1
 to 98 mAh g
-1
 (see Figure SI-4 and SI-5). Even over 
the high current density range from 5 A g
-1
 to 20 A g
-1
, it still delivers high specific capacities 
from 91 mAh g
-1
 to 75 mAh g
-1
. This result confirms that this device can be charged up to 
75% of its maximum specific capacity within 66 s and still exhibit a high specific power of 
5.2 kW kg
-1
 at a current density of 5 A g
-1
. Furthermore, it can even show a 62.5% specific 
capacity retention after a charging time of 13 s at the higher current density 30 A g
-1
 with a 
specific power of 18.5 kW kg
-1 
(Figure 2B). Moreover, an ultrahigh specific power of 51.5 
kW kg
-1
 can still be obtained after less than 1 s charging time at an ultrahigh current density 
of 100 A g
-1
. Considering the volumetric density of Li7[V15O36(CO3)] to be 2.15 g cm
-3
, this 
symmetric device shows a high volumetric energy density of 270 Wh L
-1
 and a volumetric 
power density of 110 kW L
-1
. Meanwhile, it also exhibits excellent cycling performance at a 
high current density of 1 A g
-1
. The storage capability of this symmetric device is also very 
stable at a low current density of 100 mA g
-1
 over 50 cycles. Hence, this device shows an 
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initial capacity of 120 mAh g
-1
 with a capacity retention of 95% after 50 cycles (Figure SI-6). 
Moreover, as shown in Figure 2C, coulombic efficiencies during the fast charge-discharge 
processes are almost 100% over a longer cycling of 500 cycles. The specific capacity after 
500 cycles is still 82 mAh g
-1
 which means that there is only 0.03% degradation per cycle.  As 
also confirmed by the field-emission scanning electron microscopy images (SEM) of 
Li7[V15O36(CO3)] at the charged and discharged states, the morphologies of the electrodes are 
not obviously different when compared to the starting state of Li7[V15O36(CO3)] (Figures SI-
7 and SI-8). Thus, the Li7[V15O36(CO3)] symmetric device can exhibit highly stable 
performance during a long cycling test.  As a result, this battery based on {V15O36(CO3)} 
exhibits a supercapacitor-like power density with battery-like energy density and stable 
cycling ability. 
  
In addition to the application of {V15O36(CO3)} in a symmetrical Li-ion battery, it can 
also be used as a high capacity cathode for Na-ion batteries. According to the theoretical 
study summarized in Figure 3, when diffusing to the surface of {V15O36(CO3)} clusters, Li
+
 
has a lower energy barrier than Na
+
 on account of the smaller radius of Li
+
. Meanwhile, the 
DFT calculations suggest that the transfer energy barrier of Li
+
 and Na
+
 is only slightly 
different (around 0.47 eV), which is close to the theoretical potential difference of Li and Na 
(around 0.33 eV). This difference suggests that the diffusion of a larger cation in the structure 
of {V15O36(CO3)} is still feasible, in turn suggesting that viable Na-ion batteries could be 
obtained using this material. 
 
The DFT calculation results are also consistent with the AC impedance investigation of the 
Na
+
 diffusion coefficient. The diffusion coefficient of Na
+ 
(2.83 × 10
-12
 cm
2 
s
-1
, Figure SI-10, 
Figure SI-11 and Table SI-3) in {V15O36(CO3)} is even higher than the Li
+
 diffusion 
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coefficient in pure LiFePO4-type materials (~10
-15
 cm
2 
s
-1
) and exceeds that of many recently-
reported P2-structure Na-ion cathode materials.
[20]
 Unlike the sluggish Na
+
 movement that 
occurs in conventional host metal-oxides for Na-ion batteries, the kinetics of the reversible 
redox processes in {V15O36(CO3)} are much faster, thus suggesting excellent Na
+
 storage 
metrics for {V15O36(CO3)}. 
 
As shown in Figure 4A, {V15O36(CO3)} shows two distinct and reversible plateaus within 
the voltage window 3.8-1.2 V vs. Na
+
/Na, evincing similar potential behavior to that for other 
recently reported cathode materials for Na-ion batteries.
[21]
 A reversible specific capacity of 
around 240 mAh g
-1
 can be obtained at a current density of 50 mA g
-1
, with a specific capacity 
of 100 mAh g
-1
 during the first charge (Figure SI-12). The change in valence of the V centres 
in {V15O36(CO3)} during cycling when used as the cathode material in a Na-ion battery also 
follows a similar trend to that in the discussion above for the symmetric Li-ion device (see 
Figure SI-13). Li7[V15O36(CO3)] also displays excellent rate performance and retains 
reversible discharge capacities of between 240 and 155 mAh g
-1
 at a range of current densities 
from 50 to 500 mA g
-1
 (Figure 4A). Moreover, {V15O36(CO3)} also delivers stable cycling 
performance: it can retain a stable and reversible capacity of 190 mAh g
-1
 at 100 mA g
-1
 after 
30 cycles (Figure 4B). This is also consistent SEM images of {V15O36(CO3)} in Na-ion 
battery electrodes in the charged and discharged states (Figure SI-14): the morphologies are 
almost the same in both cases. Our results show that Na
+
 can diffuse easily within 
{V15O36(CO3)} and can be taken up/removed reversibly during these multi-electron redox 
reactions. When coupled with a hard carbon to give a fully-rechargeable Na-ion battery 
(Kureha carbon, Figure SI-15), a reversible capacity of 230 mAh g−
1
 was obtained over the 
voltage range 0.2 ≤ V ≤ 3.8 V (on the basis of the mass of {V15O36(CO3)}). As a result, such 
Na-ion batteries show a higher specific energy (390 Wh kg
-1
) than other reported full Na-ion 
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batteries,
[22]
 and are comparable even with commercially available Li-ion battery cathodes 
such as LiMn2O4 (~450 Wh kg
-1
). This results confirms that {V15O36(CO3)} is a very 
promising candidate for use in the production of Na-ion batteries. 
 
Last but not least, unlike other bulk metal oxides used in rechargeable batteries, 
polyoxometalates are typically water-soluble, which could afford a ready route to recovery of 
the metals from batteries at the end of their useful lives. In order to demonstrate the recovery 
of the redox active material from used batteries, we sonicated discharged-state cathodes (that 
had been cycled 10 times) in water, to extract the polyoxometalates into solution (see Table 
SI-4). ICP results confirmed that the concentration of these extracts gave residues with a mass 
that corresponded to around 80% of that used in the production of the electrodes. This result 
confirms that the active material can be easily recovered after battery cycling. 
 
In conclusion, we have demonstrated a symmetric Li-ion battery with a battery-like energy 
density and supercapacitor-like power density, which uses the polyoxovanadate 
{V15O36(CO3)} on both electrodes. On account of the multi-electron redox chemistry and fast 
cation diffusion within this material, this electrochemical energy storage device exhibits an 
excellent rate performance with a high specific power of 51.5 kW kg
-1
 (volumetric power 
density of 110 kW L
-1
), as well as a considerable specific energy of 125 Wh kg
-1
 (volumetric 
energy density of 270 Wh L
-1
). This type of symmetric device is both straightforward to 
fabricate and inherently safe, due to the non-flammable nature of metal oxides. Moreover, we 
show that {V15O36(CO3)} can also act as a high capacity cathode in a Na-ion battery 
configuration with good performance. Finally, we have shown that it is feasible to recover the 
active material from cycled electrodes. Considering the very varied nature of 
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polyoxometalates and the ability to tailor their redox properties, we believe that these 
materials will find numerous applications in batteries and supercapacitors. 
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Figure 1 (A) Cyclic voltammetry of Li7[V15O36(CO3)] within different voltage ranges at a 
scan rate of 0.2 mV s
-1
; (B) half-cell charge-discharge curves at a current density of 100 mA 
g
-1
; (C) A simple model to demonstrate the charging process of symmetric electrochemical 
devices based on {V15O36(CO3)}. V
V
 centres are shown in yellow and V
IV
 centres in teal. The 
reverse process corresponds to the discharging process. 
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Figure 2 The electrochemical performance of a symmetric Li7[V15O36(CO3)] device (A) 
discharge curves at 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 A g
-1
 respectively; (B) Specific 
power versus specific energy; (C) Long cycling performance at 1 A g
-1
. 
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Figure 3. DFT calculations of the transfer energy barrier of Li
+
 and Na
+
 during the migration 
versus cation diffusion distance in {V15O36(CO3)}. The inset picture shows the migration 
model for Li
+
 and Na
+
 cations in {V15O36(CO3)}. The coordinate of the carbon atom in 
CO3
2-
 was defined as a coordinate origin (0, 0, 0). 
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Figure 4. A) The discharge-charge curves of a half-cell of Li7[V15O36(CO3)] with metallic Na 
as the anode at different current densities; B) Cycling performance of Li7[V15O36(CO3)] as the 
cathode for a rechargeable Na-ion battery at 100 mA g
-1
; C) The charge-discharge curve of a 
prototype full battery using Li7[V15O36(CO3)] as the cathode and Kureha hard carbon as the 
anode at a current density of 25 mA g
-1
. 
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A Li7V15O36(CO3)-cluster-based Li-ion devices exhibit battery-like energy density of 125 Wh 
kg
-1
 and supercapacitor-like power density of 51.5 kW kg
-1
 at 100 A g
-1
, along with a long 
cycling life (>500 cycles). Moreover, it also permits the fast diffusion of large cations, like 
Na
+
, and shows a high energy density (390 Wh kg
-1
) as the cathode in full Na-ion batteries. 
 
 
 
